carboxyl-CoA. The complex transformation of benzoyl-CoA is ascribed to at least two enzymes, benzoyl-CoA reductase (aromatic ring reducing) and cyclohex-1-enecarboxyl-CoA hydratase. The reduction of benzoyl-CoA to alicyclic compounds is catalyzed by extracts from cells grown anaerobically on either 2-aminobenzoate or benzoate at almost the same rate (10 to 15 nmol min-' mg-' of protein). In contrast, extracts from cells grown anaerobically on acetate or grown aerobically on benzoate or 2-aminobenzoate are inactive. This suggests a sequential induction of the enzymes.
Anthranilic acid (2-aminobenzoic acid) is an intermediate in the synthesis and degradation of tryptophane (4, 5, 9, 36, 41) ; it has been shown or postulated to be an intermediate in the degradation of other compounds containing an indole moiety, both aerobically (16, 19, 24, 26, 27) and anaerobically (6, 31, 40) . The aerobic metabolism proceeds via catechol (4, 25) or gentisic acid (11) and requires molecular oxygen. The pathway of anaerobic degradation of 2-aminobenzoate is unknown. Indirect evidence with a methanogenic enrichment culture suggested that benzoate is an intermediate under these conditions (39) .
There are numerous examples demonstrating that the anaerobic metabolism of aromatic acids in general is initiated by ATP-dependent coenzyme A (CoA) thioester formation (12, 20-23, 30, 32) . We have recently purified two CoA ligase isoenzymes for 2-aminobenzoate activation from denitrifying Pseudomonas strain KB 740, which grows on this substrate aerobically as well as anaerobically under denitrifying conditions (3) . Surprisingly, one of the enzymes is required for a novel aerobic degradation pathway, which is atypical in many respects (1, 29) . It is induced aerobically by 2-aminobenzoate and is encoded by a small plasmid. The other isoenzyme is induced anaerobically by 2-aminobenzoate and is encoded by the chromosome (2a). The anaerobic isoenzyme, therefore, is thought to catalyze the first step in anaerobic 2-aminobenzoate metabolism.
The question of which are the initial steps in anaerobic 2-aminobenzoate metabolism was addressed with a related * Corresponding author.
denitrifying Pseudomonas strain, K 172. This strain was chosen since it is especially interesting in that it also readily oxidizes toluene and phenol anaerobically to CO2 (2, 37) ; in addition, the anaerobic reduction of benzoyl-CoA to alicyclic compounds has been documented in this strain (25a) .
It is shown that the anaerobic metabolism of 2-aminobenzoate proceeds via activation to 2-aminobenzoyl-CoA, reductive deamination to benzoyl-CoA, and ring reduction of benzoyl-CoA to yield alicyclic acyl-CoA compounds.
MATERIALS AND METHODS
Materials. Chemicals were obtained from Aldrich-Chemie (Steinheim, Germany), Fluka (Neu-Ulm, Germany), Heraeus (Karlsruhe, Germany), Merck (Darmstadt, Germany), and Serva (Heidelberg, Germany). Biochemicals were obtained from Boehringer GmbH (Mannheim, Germany), [U-14C]2-aminobenzoic acid was from Sigma (Deisenhofen, Germany; specific radioactivity, 421.8 MBq mmol'), thinlayer chromatographic (TLC) plates were from Merck, scintillation cocktail Rotiszint 2200 was from Roth (Karlsruhe, Germany), and gases were from Linde (Hollriegelskreuth, Germany). Pseudomonas strain K 172 was isolated in our laboratory (37) . Pseudomonas strain KB 740 was a kind gift from K. Braun (8) .
Growth of bacteria. (8) .
Preparation of cell extracts. The cell extract was prepared under anaerobic conditions. Cells (1 g) were suspended in 1 or 1.5 ml of 3- (38) . The amount of protein was determined by the Bradford method (7).
Simultaneous adaptation experiment. The simultaneous adaptation experiment was carried out under anaerobic conditions. Pseudomonas strain K 172 was grown under denitrifying conditions in 1-liter infusion bottles (Muller and Krempel AG, Bulach, Switzerland) sealed with latex rubber septa (Maag Technic AG, Dubendorf, Switzerland) in the mineral salts medium described above; 5 mM benzoic acid or 2-aminobenzoic acid served as the sole carbon source. Cells were harvested at the end of the exponential growth phase (AA578, <0.8) by centrifugation at 8,000 x g (10 min, 12°C) and were washed with mineral salts medium without growth substrates. The cell pellet was suspended in mineral salts medium which contained 10 mM nitrate but no carbon source. The final cell density of the cell suspension corresponded to a AA578 of 10 (corresponding to approximately 4 mg of cell dry matter per ml). Aliquots (10 ml) of each suspension were dispensed anaerobically into Hungate tubes (Bellco Glass Inc.), which were closed with rubber stoppers. The experiment was started by adding growth substrates after the temperature was adapted to 30°C. Each cell suspension was tested for the degradation of benzoic acid and 2-aminobenzoic acid. After different incubation periods, 0.5-ml samples were withdrawn, cooled on ice, and rapidly centrifuged at 10,000 x g (4°C were acidified with 20% H2SO4 (7 p,l) and centrifuged (20 min, 10,000 x g, 4°C). For the analysis of thioester-bound acids, samples (50 ,ul) were first treated with 5 p,l of 4 N KOH, pH 12 (20 min, 80°C), acidified with 2 ,ul of 50% H2SO4 to pH 2, and centrifuged (10,000 x g, 20 min, 4°C).
The released 14C-labeled organic acids in the supernatant were analyzed. The formation of [U-14C]2-aminobenzoylCoA in the assays was monitored. At the end of the experiment, an aliquot (50 pul) of the assay mixture was acidified (7 ,ul Fig. 2 .
When, after nearly complete formation of 2-aminobenzoyl-CoA, the reducing agent titanium(III) citrate was added to the assay, an absorption decrease at 365 nm due to 2-aminobenzoyl-CoA reduction was observed (Fig. 2) Requirements of 2-aminobenzoyl-CoA reductase (deaminating). The dependence of the overall reaction on the individual test components was tested by using the radioisotope assay ( Table 1 ). The transformation of 2-aminobenzoate was dependent on the extract, Mg2+-ATP, CoA, and Ti(III) and was inhibited by oxygen. The requirement for CoA is probably indirect since it was necessary for 2-aminobenzoylCoA formation. The effect of ATP is described below. Although ATP alone was sufficient, an ATP-regenerating system was used when the assay conditions were modified to avoid ATP limitation due to ATPases. For similar reasons, DTE and purified 2-aminobenzoate-CoA ligase from Pseudomonas strain KB 740 were included, although they did not stimulate the assay under standard conditions. DTE stabilizes the oxygen-sensitive enzyme, and the endogenous 2-aminobenzoate-CoA ligase in the extract may be limiting when cells which were grown on substrates other than 2-aminobenzoate are tested. Furthermore, extracts contained an unspecific thioesterase activity which may exhaust the substrate. The reaction proceeded linearly over time from 0 to 10 min, and the rate was linearly dependent on the amount of protein added in the range of 0 to 2 mg of protein per 0.35-ml assay mixture. The dependence of the reaction on titanium (III) citrate was strict, and the optimal concentration was around 10 mM (Fig. 3) . The pH optimum of 2-aminobenzoylCoA reduction determined by using MOPS-KOH and TRIS-HCI was around pH 7.
In the spectrophotometric assay, the dependence of the enzyme on synthetically formed 2-aminobenzoyl-CoA and titanium(III) citrate was shown. 2-Aminobenzoate was not used as the substrate. The reaction rate increased in a similar manner with the titanium(III) citrate concentration, and the optimal concentration was about 3 mM. CoA was not required if the substrate 2-aminobenzoyl-CoA was added, but the reaction was dependent on Mg2+-ATP.
Products of 2-aminobenzoyl-CoA metabolism. The radioactive products formed from [U-14Cj2-aminobenzoyl-CoA were analyzed. Seven radioactive products, designated 1 through 6 and B (Fig. 4) , were found. The product pattern was reproducible and was independent of the pH of the assay mixture and the batch of cells. 
DISCUSSION
We have provided evidence for the anaerobic degradation of 2-aminobenzoate via activation to 2-aminobenzoyl-CoA and reductive deamination to benzoyl-CoA, the central aromatic intermediate (Fig. 6C) (17, 18 The ATP effect needs to be studied in detail with substrate amounts of 2-aminobenzoyl-CoA and requires purification of the enzyme. In the anaerobic metabolism of aniline and 4-aminobenzoate, similarly 4-aminobenzoyl-CoA is reductively deaminated to benzoyl-CoA (34) . The reductive removal of other substituents of the aromatic ring has been discussed elsewhere (14, 21, 38) .
The further metabolism of benzoyl-CoA appears to be common for such diverse aromatic substrates as benzoate, phenol, 4-hydroxybenzoate, toluene, benzyl alcohol, benzaldehyde,p-cresol, 4-hydroxybenzylalcohol, 4-hydroxybenzaldehyde, phenylacetate, and 4-hydroxyphenylacetate (2, 12, 25a, 32a, 38 (4, 11, 25) (Fig. 6A) . Recently, a chimeric pathway of aerobic 2-aminobenzoate metabolism, which combines characteristics of both the aerobic and the anaerobic degradation pathways, was found (1, 29) . It proceeds via CoA thioesters as in anaerobic degradation, but the aromatic ring reduction is coupled with simultaneous 02-dependent hydroxylation of the benzene ring in the para position to the amino group (Fig. 6B) .
